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1. INTRODUCTION
---------------------Theoretical weaknesses in the existing Earned Value Manage-ment (EVM) method are observed when it comes to accurately estimating project duration  at completion, especially during the early stages of a project when just a small amount of value has been earned. A current approach to duration estimation at completion is based on Earned Schedule (ES) and several re-search studies claim that ES often works well (Vanhoucke and Vandevoorde, 2006, 2007). However, the concept of ES is not without its problems, as several criticisms have been issued for this methodology (Book, 2006, Kim, 2000), and its theoretical foundations are still needed to assure its extended and wider use in project monitoring and control practice Batseliera and Vanhoucke (2015).  The underlying theory of ES is based on a geometrical construc-tion: the intersection time of the horizontal projection from the earned value curve, at the current time point, to the planned val-ue curve (Lipke, 2010). Evensmo and Karlsen (2006) pointed 
out that the existing duration formula is based on linear cumulative planned and earned cost curves. However, why should a linear theory work when real-world project cost curves are usually presented as nonlinear?  To this end, this research contributes to the debate by determining if improvements in project duration estimates at completion are possible by using a combination of the gen-eralized mathematical formulation of the ES technique, as proposed by (Warburton and 
Ciof�i, 2016), and nonlinear cost pro�iles. The goal is to determine if such a generalized 
ES method provides more accurate estimates for the �inal duration when nonlinear cost growth models are taken into account (Narbaev and De Marco, 2014, Warburton, 2014). A complementary goal is to verify that the approach is practically useful by demonstrat-ing its use on real-world projects. To do so, data sets for eight real case projects from the construction industry are used for test and comparison with the standard methodology. The work is an attempt to determine if one duration forecast methodology is superior to the others.  We also contribute to the exploration of the relationship that may exist between accura-cies of the Time Estimate At Completion (TEAC) and of the Cost Estimate At Completion 
           • ABSTRACT •
This work contributes to improving available methodolo-gies for duration and cost estimates of ongoing projects with 
nonlinear cost pro�iles. It is demonstrated that accurate time estimates can be made when a generalized mathematical formulation of the Earned Schedule and the point estimate 
methodology are used. It also highlights the advantages of using these duration estimate methodologies to provide more accurate nonlinear schedule-based cost estimates at completion. This is shown via application and comparison of the proposed methodologies to datasets of eight real case 
projects from the construction industry. In particular, the de-
�ined methodologies tend to perform better, on average, than traditional index-based formulae, especially in the early stag-
es of project development when the practical bene�its are the greatest for project teams to take their corrective actions.
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(CEAC) and to understand whether ES-based CEAC formulae provide for im-proved results when the approach of Narbaev and De Marco (2014) is used. 
To this end, the paper is structured as follows. First, previous de�initions and pertinent estimate at completion methods are summarized in the literature section with regard to both duration and cost predictions. Second, the re-
search methodology is de�ined. Third, duration and cost estimates at com-pletion are computed for the sample data sets and the research results are analyzed and discussed. Finally, implications are presented together with conclusions and future research directions to address unresolved issues.  
--- 1.1. Review of Literature  ---
1.1.1. Pertinent Literature in TEAC  The problems of applying EVM to duration prediction are well known (Mar-
shall, 2006, Book, 2003, 2006) and Lipke (2003, 2010) was one of the �irst 
to address this issue by de�ining a geometrical construction procedure for ES 
for which Stratton (2007) later provided a formal de�inition.  
Project Teams can compute TEAC and CEAC, at any stage of development of an ongoing project, through Earned Value Management (EVM), using 
schedule and cost performance indices (Project Management Institute, 2013). However, the accuracy and reliability of these index-based esti-mates can be questioned because, while most projects have nonlinear 
S-curve pro�iles of cumulative expenditures, the entire theory of EVM is based on linear planned value, earned value, and actual cost curves. (Van-houcke and Vandevoorde, 2006, Batseliera and Vanhoucke, 2015).  Both deterministic and probabilistic approaches have been developed to over-
come this problem and improve the �inal estimates. As far as time predictions are concerned, the main deterministic method is to replace the EVM method with the ES method to determine the TEAC. The ES-based method has been 
shown to outperform EVM-based methods of forecasting the �inal duration of the project (Colina and Vanhoucke, 2015). However, until recently, ES present-ed the same critical theoretical issues as other methods: it is based on linearity 
of the cumulative planned and earned value pro�iles. Most projects seem to fol-low a nonlinear S-shaped curve of cumulative costs, which leads to a theoret-
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ical concern (Ciof�i, 2005, Warburton, 2014). The nonlinearity issue was resolved by Warburton and 
Ciof�i (2016), who generalized the theory of ES and 
showed that it was valid for nonlinear cost pro�iles. 
Therefore, to better �it the cumulative S-curve cost 
patterns and to more accurately predict the �inal 
duration and �inal cost, probabilistic approaches have been developed. These methods include us-
age of Kalman �ilter (Kim and Reinschmidt, 2010, 
Abdel Azeem, Hosny and Ibrahim, 2014), Bayesi-
an approaches Gardoni, Reinschmidt and Kumar 
(2007), Kim and Reinschmidt (2009), and fuzzy logic (Naeini, Shadrokh and Salehipour, 2011, 
Mortaji, Bagherpour and Noori, 2013). Ciof�i (2005) demonstrated a method of parameteriz-ing the S-curve.  As part of the methodologies for TEAC predic-
tions, the study by Warburton and Ciof�i (2016) is a foundation of this research. They applied a 
generalized, theoretical de�inition of ES to sev-
eral different nonlinear project cost pro�iles and showed how to derive expressions to estimate 
the �inal duration.  
1.1.2. Pertinent literature in CEAC  Standard EVM techniques have been shown to 
yield reliable predictions for the �inal CEAC (Van-houcke and Vandevoorde, 2006, Christensen, 
1993.). In addition, similar research efforts to those above have been employed to improve the traditional, index-based CEAC methods (Narbaev and De Marco, 2013). Warburton (2011) pro-posed a deterministic adjustment to the CEAC for-mula that proved to converge quickly to the actual 
�inal cost. The method employs time dependent expressions for planned value, earned value, and actual costs and three parameters that represent the reject rate of activities, the cost overruns, and the time required to repair the rejected activities.  Vanhoucke and Vandevoorde (2007) reviewed the accuracy of CEAC forecasting methods and 
concluded that the Cost Performance Index (CPI) 
and the Schedule Performance Index (SPI) pro-vide valuable information about trends in pro-ject performance. Lipke, Zwikael, K. and Anbari 
(2009) attempted to improve the accuracy of 
the CEAC method by merging the standard CPI with a statistical technique that provides upper 
and lower con�idence bounds of the forecasts 
at different con�idence levels. The incorporated EVM data into the Bayesian inference for cost es-timates. Barraza et al. (2004) introduced Monte Carlo simulation techniques into the cost esti-mates: the simulation had to be run based on the, 
so-called, progress-based curves. The available actual cost data were inserted in the process in order to simulate the future development of the 
Stochastic S-curves and obtain the CEAC. In a similar approach, Naeini and Heravi (2011) ap-plied the SS curves theory and Monte Carlo simu-lations to compute cost estimates.  Vanhoucke (2012) employed Monte-Carlo sim-ulation and concluded that networks with more parallelism have more variability than networks with a more serial structure. Parallelism, which produces S-shaped curves, degrades forecasting accuracy, which suggests that a more powerful, nonlinear theory is required. Similar research ef-forts have also been made to improve traditional index-based CEAC methods (De Marco, Briccarello 
and Rafele, 2009, Narbaev and De Marco, 2017; De 
Marco, Rosso and Narbaev, 2016).  Furthermore, the fuzzy approach to duration es-timates has been used for improving CEACs and provides an alternative option for evaluating the future conditions of the project in a reliable and robust way, bringing the fuzzy numbers princi-ples into the analysis (Naeini et al., 2011).  As part of the stream of research aimed at re-
�ining CEAC methodologies, important ground-work for this research is the method proposed by Narbaev and De Marco (2014, 2013), who 
opened the �ield to ES-based nonlinear CEACs. They introduced the perspective that the sched-ule performance of the project is considered to 
be an important factor in predicting �inal cost overruns or underruns. A Completion Factor 
(CF), which is de�ined through the standard ES construction, is able to characterize the estimate 
of the project’s �inal duration.  Narbaev and De Marco (2014) used several 
different distributions for the cost pro�ile (e.g., Gompertz, Logistic, Weibull, and Bass growth 
S-curves), which can then be used to �it a com-bination of AC and PV data to obtain curves that represent the shape of the project’s cumulative cost. The CF can be included in the selected 
growth model to predict the �inal cost of the pro-ject. The proposed forecasting method applies to all stages of project development and, in par-ticular, to the early stages of the project when there is little actual progress and few actual cost data points are available.  Evensmo and Karlsen (2006) noted that the cur-rent ES approach is linear and proposed a cubic 
polynomial cost curve. Ciof�i (2005) proposed 
an Scurve cost pro�ile and demonstrated its use 
in predicting project costs and schedules. Chen, Chen and Lin (2016) attempted to improve the predictive power of planned value by using a logarithm linear transformation of the planned value data and linear regression modeling. War-
burton (2014) used a trapezoidal labor pro�ile, which often describes construction projects, to derive accurate TEACs early in the project.  
2. RESEARCH METHODOLOGY  
---------------------The objective of this research is twofold. First, deter-mining if improvements in project duration estimates are possible by using the generalized mathematical 
formulation of the ES by Warburton and Ciof�i (2016). Second, to verify that taking into account nonlinear cost growth models, for the TEAC estimate, can be useful in predicting more accurate CEACs, e.g., the models as proposed by Narbaev and De Marco (2014, 
2013). In fact, when the project cumulative cost pro�ile 
does not grow linearly, using a growth model to �it data leads to better results and minimizes errors in duration and cost predictions.  
The generalized theoretical de�inition of ES be-
gins with the de�inition of the delay, δ(t), which is 
de�ined as the horizontal intersection back from the current cumulative earned value, Ce(t) to the cumulative planned value, Cp(t), which is given mathematically by:  
Cp[t − δ(t)] = Ce(t)   (1)  
Positive values for δ(t) represent accelerations while 
negative values represent delays. We now de�ine the Earned Schedule, ES(t), as the time from the start of the project to that of the above intersection:  
ES(t) = t − δ(t)   (2)  
We follow the standard de�initions of EVM: as each activity is completed, it earns its planned value, even if there is a cost increase or a delay in com-
pleting the activity (Project Management Institute, 
2013, 2011). Further, because these new de�ini-tions are completely general, they apply to any 
nonlinear cost pro�ile.  We next explain how the generalized algebraic 
de�inition of ES given above can be obtained via lin-
ear regression to �it the cumulative planned value curve to a cumulative growth distribution function. We formulate the theoretical framework for the TEAC by developing different duration forecast for-
mulae, using the generalized de�inition of ES above, 
for nonlinear cumulative cost pro�iles. The result is analytical expressions for estimates of both ES(t) 
and and the �inal duration.  
--- 2.1. Theoretical Formulation of TEAC ---  The model uses the standard EVM approach: if there is no scope growth, the earned value at the end of the project is neither higher nor lower than the original total planned value, 
i.e., all the planned work is completed and, therefore, earned (Project Management Institute, 2013, 2011). Moreover, from an empirical point of view, if the structure of the project does not change, the topology of the network is also unlikely to change during the evolution of the pro-ject. This supports the idea that the same curve shape can be used for the earned value curve as was used for the planned value curve.  There is considerable literature support for this assumption, which we refer to as the “same shape” assumption. For example, multiple studies have shown that both the cumulative 
planned value and cumulative earned value data closely follow the Putnam-Norden-Rayleigh 
(PNR) curve. (Warburton, 1983, Basili and Beane, 1981, Lee, 2002, Gallagher and Lee, 1996). 
Davis, Christle and Abba (2009) demonstrated that the PNR curve explains cost variation as 
well now as it did in 1970.  That the planned and earned curves have the same shape is an implicit assumption that is ac-tually built into standard EVM. For example, the standard linear TEAC and CEAC formulas both assume that the planned and earned curves are linear, but with different slope parameters. 
However, the assumption is rarely acknowledged. For nonlinear cost pro�iles, this assumption is again invoked, although we make it explicit by carefully specifying which parameters change and which remain constant.  Consider the case where the cumulative planned and earned values are represented by Gom-pertz curves:  
G(t) = α e−e(β−γt)     (3) 
where α is the asymptote (G(t) for t → ∞); β is the y-intercept; and γ is the growth rate. For the 
planned value curve, the parameter, αp, represents the budget, or the �inal planned cost, i.e., the asymptote. Therefore, since the total value earned equals the total planned value (Project 
Management Institute, 2013), the asymptotic parameter for the earned value curve is equal to 
that of the planned value curve, αe = αp.  We note that from a practical perspective that if this constraint is not observed, very erratic 
estimates for the �inal duration occur, especially when few data are available in the early stages 
of the project. A changing value of αe, relative to αp, indicates modi�ications in the evolution 
of the earned value curve. The parameter, β, is the y-intercept and, since most projects start at 
zero staff, the value of β is usually small for both the planned and earned value curves.  
The growth of the planned value data is represented by the parameter, γp. For a project that is delayed or accelerated, the earned value data will progress with a different growth rate, which 
is represented by the parameter, γe. Therefore, as the project proceeds, delays and accelera-
tions relative to the planned curve mean that γe = γp, as the earned value data evolves differ-
ently from the planned value, re�lecting the actual work in progress. Therefore, since α merely scales the curve in the vertical direction, for cumulative cost curves representing projects, the 
interesting aspects of the Gompertz curve will be dominated by the value of the growth rate, γ. Cp(T1) We denote the actual project’s planned cost data at time, ti, as Cp(ti) and the earned 
data as, Ce(ti). We de�ine the planned end point of the project as T1 and assume that during 
execution, if the project is delayed, it ends at T1′, where T1′ > T1. If the project is accelerated, 
T1′ < T1. The total planned cost is then Cp(T1).  The planned data for the entire project is available before the project goes into execution. 
The �irst step is to �it a GGM curve to the planned value data, using the LS technique. Next we use the earned value data, but unlike the planned value data, the earned value data is only 
available up to the current time. Therefore, we �it the earned value data at different stages throughout the project: early, middle, and late. This allows us to analyze the accuracy of the 
�inal duration estimates over time.  
To accomplish this, the planned value data are �it to an S-curve for-mula using the standard Least Squares (LS) approach, i.e., for all data points, ti, we minimize the sum of the squares of the errors be-tween the selected equation at ti and the actual planned value data 
at ti. The nonlinear LS �it was accomplished using the The Oakdale 
Engineering Data Fit 9 software package. In particular, we present the method and formulae for a Gompertz Growth Model (GGM) cu-
mulative distribution function for the �it to the cumulative planned value data. We then introduce three types of estimation procedures, namely, standard, point, and cumulative.  Then, each of the theoretical duration estimation formulas were vali-dated by comparing them to eight real-world projects in the construc-tion, infrastructure, and renovation industries, as shown in Table 1. The projects were selected so as to represent a variety of possible schedule and cost performances, and include projects that both expe-rienced delays and were accomplished on time. Table 2 summarizes the data sets and records, for each project, the planned and actual du-ration, and the planned and actual cost, both with percent deviations from the planned values.
cumulative planned value data. We then introduce three types of estimation procedures, namely, 
standard, point, and cumulative.  
Then, each of the theoretical duration estimation formulas were validated by comparing them to eight 
real-world projects in th  construction, infrastructure, and renovation industries, as shown in Table 1. 
The projects were selected so as to represent a variety of possible schedule and cost performances, and 
include projects that both experienced delays and were accomplished on time. Table 2 summarizes the 
data sets and records, for each project, the planned and actual duration, and the planned and actual cost, 
both with percent deviations from the planned values.  
 
Table 1: List of the sample case projects 
TABLE 01. List of the sample case projects
TABLE 02. Summary project data
 
KMRa: Malaysian Rinngit; KIRb: Iranian Rial; KBRc: Brazilian Real; KNT$d: New Taiwan Dollar. 
Table 2: Summary project data 
 
Finally, the accuracy of a duration-augmented cost estimate prediction method is evaluated to test the 
validity of the different TEAC prediction procedures. For this purpose, the TEACs were computed using 
the mathematical models of the CEAC formula proposed by Narbaev and De Marco (2014) and described 
in the next sections.  
2.1. Theoretical Formulation of TEAC  
The model uses the standard EVM approach: if there is no scope growth, the earned value at the end of 
the project is neither higher nor lower than the original total planned value, i.e., all the planned work is 
completed and, therefore, earned (Project Management Institute, 2013, 2011). Moreover, from an 
empirical point of view, if the structure of the project does not change, the topology of the network is 
also unlikely to change during the evolution of the project. This supports the idea that the same curve 
shape can be used for the earned value curve as was used for the planned value curve.  
There is considerable literature support for this assumption, which we refer to as the “same shape” 
assumption. For example, multiple studies have shown that both the cumulative planned value and 
cumulative earned value data closely follow the Putnam-Norden-Rayleigh (PNR) curve. (Warburton, 
1983, Basili and Beane, 1981, Lee, 2002, Gallagher and Lee, 1996). Davis, Christle and Abba (2009) 
demonstrated that the PNR curve explains cost variation as well now as it did in 1970.  
That the planned and earned curves have the same shape is an implicit assumption that is actually built 
Finally, the accuracy of a duration-augmented cost estimate pre-diction method is evaluated to test the validity of the different TEAC prediction procedures. For this purpose, the TEACs were computed using the mathematical models of the CEAC formula proposed by Narbaev and De Marco (2014) and described in the next sections.  
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TABLE 03. Completion Factors for diff erent prediction models of project duration.
TABLE 03. Completion Factors for diff erent prediction models of project duration.
--- 2.2. Theoretical Formulation for the CEAC --- Narbaev and De Marco (2014) developed a method for calculating the CEAC that involved integrating the standard ES approach with 
growth models that use a nonlinear regression analysis for �itting the actual cost to the planned cost. This is referred to as the “AC-PV” 
�it, and is de�ined in the next section. Duration estimates are used to 
compute the Completion Factor (CF), which is de�ined as the ratio of the estimated duration at completion to the planned duration. Thus, 
CF is the inverse of the schedule performance index and CF > 1.0 
indicates that a project is likely to be delivered late, while CF < 1.0 
indicates an early �inish. The CF is then used to predict the �inal cost, which, at any time, t, is determined by:  
CEAC = Ca(t) + (GMM[CF] − GGM[t]) × BAC  (4)  where Ca(t) is the actual cost at time, t, and BAC is the planned budget. 
CF is a speci�ic value at time, t, that represents the nonlinear growth 
model function in the regression. In fact, the GGM is modi�ied to con-
sider possible in�luence of the work progress in the CEAC. The main 
assumption of this re�inement is that a favorable schedule ef�iciency 
tends to improve the �inal cost, while a poor schedule progress may 
increase the �inal cost. This modi�ication represents an integrated 
cost-schedule approach because the cost estimate re�lects the sched-ule impact as a determinant factor in the cost behavior.  Three methods can be used to calculate the CF, as presented in 
Table 3. 
Duration estimates are used to compute the Completion Factor (CF), which is defined as the ratio of the 
estimated duration at completion to the planned duration. Thus, CF is the inverse of the schedule 
performance index and CF > 1.0 indicates that a project is likely to be delivered late, while CF < 1.0 
indicates an early finish. The CF is then used to predict the final cost, which, at any time, t, is determined 
by:  
CEAC = Ca(t) + (GMM[CF] − GGM[t]) × BAC     (4)  
where Ca(t) is th  actual cost at time, t, and BAC is the planned budget. CF is a specific value at time, t, 
that represents the nonlinear growth model function in the regression. In fact, the GGM is modified to 
consider possible influence of the work progress in the CEAC. The main assumption of this refinement 
is that a favorable schedule efficiency tends to improve the final cost, while a poor schedule progress 
may increase the final cost. This modification represents an integrated cost-schedule approach because 
the cost estimate reflects the schedule impact as a determinant factor in the cost behavior.  
Three methods can be used to calculate the CF, as presented in Table 3.  
 
Table 3: Completion Factors for different prediction models of project duration. 
 
 
2.3. The AC-PV Fit  
In order to parameterize a particular GGM, Narbaev and De Marco (2013) fit the available actual cost 
data (i.e., up to the present time) to the planned value data through the end of the project. This is called 
as the “AC-PV Fit” and the aim is to provide a GGM[CF] point close to the actual CEAC. This technique 
proved to be effective on a range of real projects.  
However, the AC-PV Fit fails to generate reliable estimates for the CEAC when the project is 
significantly delayed or experiences a significant cost overrun. In that case, the gap between the last Ca(t) 
data point available and the first Cp(t) data point is likely to be huge. An example is shown in Figure 1, 
where the cumulative normalized actual cost and planned value data, for Project A, are plotted. In such 
cases, the AC-PV Fit leads to unreliable cost estimates. 
 
Figure 1. Gap between actual value Ca(t) and planned value Cp(t) To overcome this problem, an 
alternative fitting procedure is proposed. 
 
The PV curve’s fitting parameters are known (αp, βp, and γp). When the project experiences a significant 
cost overrun, the parameter, αa, which represents the asymptote of the actual cost curve, must be different 
from αp. Therefore, we compute a new GGM asymptote αa. Then, we allow the software to compute 
new values for all three parameters (αa, βa, and γa) using the actual cost data available to date. 
When ther  is no cope creep, but a significant delay, the earned value curve is characterized by Ge(t), 
which is a GGM with parameters αe, βe, and γe. However, the same shape constraint above means that 
αe = αp and βe = βp, but γe represents a different growth of the earned value cost curve due to the delay. 
Since all the value planned is earned at the end of the project, αa = αe. We note that an indication of 
scope creep is, αe = αp. When there is a significant cost and/or scope growth, the actual cost curve is 
characterized by Ga(t), which is a GGM with parameters αa, βa, and γa.  
Based on assumptions that in the latest stages of the project the growth tends to flatten and that Cp(CF) 
can be taken as a rough estimate of the cost at completion, Ca(CF), αa can be calculated using:  
α
a 
= ( Cp(CF)- )/ Cp(T1)         (5)  
where Cp(T1) is the planned value at the originally scheduled completion time.  
Cp(CF) is referred to as the value of the PV curve, Gp(t), dragged to the CF time point.  
Next, both the AC-PV Fit and the new value of αa are applied to the set of case projects for comparison 
with the other methods. The analysis focuses on the possible connections between the accuracy of the 
TEAC, and the associated CEAC, at same stage of project development.  
3. Calculating ES with the Gompertz Growth Model  
--- 2.3. The AC-PV Fit --- 
In order to parameterize a particular GGM, Narbaev and De Marco 
(2013) �it the available actual cost data (i.e., up to the present time) to the planned value data through the end of the project. This is 
called as the “AC-PV Fit” and the aim is to provide a GGM[CF] point close to the actual CEAC. This technique proved to be effective on a rang  f real projects.  However, the AC-PV Fit f ils to gen rate reliable estimates for the 
CEAC when the project is signi�icantly delayed or experiences a 
signi�icant cost overrun. In that case, the gap between the last Ca(t) 
data point available and the �irst Cp(t) data point is likely to be huge. An example is shown in Figure 1, where the cumulative normalized 
actual cost and planned value data, for Project A, are plotted. In such cases, the AC-PV Fit leads to unreliable cost estimates. 
The PV curve’s �itting parameters are known (αp, βp, and γp). When 
the project experiences a signi�icant cost overrun, the parameter, 
αa, which represents the asymptote of the actual cost curve, must 
be different from αp. Therefore, we compute a new GGM asymptote 
αa. Then, we allow the software to compute new values for all three 
parameters (αa, βa, and γa) using the actual cost data available to date. 
When there is no scope creep, but a signi�icant delay, the earned value curve is characterized 
by Ge(t), which is a GGM with parameters αe, βe, and γe. However, the same shape constraint 
above means that αe = αp and βe = βp, but γe represents a different growth of the earned value 
cost curve due to the delay. Since all the value planned is earned at the end of the project, αa = 
αe. We note that an indication of scope creep is, αe = αp. When there is a signi�icant cost and/or scope growth, the ctual cost curve is characterized by Ga(t), which is a GGM with p rameters 
αa, βa, and γa.  
Based on assumptions that in the latest stages of the project the growth tends to �latten and 
that Cp(CF) can be taken as a rough estimate of the cost at completion, Ca(CF), αa can be cal-culated using:  
αa = ( Cp(CF)- )/ Cp(T1)    (5)  where Cp(T1) is the planned value at the originally scheduled completion time.  Cp(CF) is referred to as the value of the PV curve, Gp(t), dragged to the CF time point.  
Next, both the AC-PV Fit and the new value of αa are applied to the set of case projects for com-parison with the other methods. The analysis focuses on the possible connections between the accuracy of the TEAC, and the associated CEAC, at same stage of project development.  
3. CALCULATING ES WITH THE GOMPERTZ GROWTH MODEL  
---------------------As an example, we will use a Gompertz Growth Model (GGM) representation for the planned 
value, Gp(t), see Eq. (3). The earned value is Ce(t) and the delay, δ(t), at the point in time, 
t, can be derived, using Eq. (1) applied to the GGM planned value cost pro�ile. ES is then computed from Eq. (2) and it is then possible to compute the TEAC. This is achieved in multiple ways, namely using the standard, point, and cumulative estimation methods, as presented in the following subsections.  
--- 3.1. Standard Estimate ---  
This is the standard earned schedule approach based on Warburton and Ciof�i (2016), who demonstrated that the estimate of the TEAC is constant throughout the project and is given by:  
T1′ = T1(t) / ES(t)      (6)  
--- 3.2. Point Estimate ---  The second methodology is the, so-called, “point estimate.” At any time, t, the cumulative 
planned value curve �it is de�ined as, Gp (αp, βp, γp, t). We next invoke the same shape constraint as described above, i.e., we assume that the earned value curve follows a GGM 
curve with the same values of αp and βp, but with a different value of γe. Using δ(t) from 
Eq. (1), we have,  
Ge [αp, βp, γp, ti − δ(ti)] = Ce(ti)    (7) from which we calculate ES as, 
--- 3.3. Cumulative Estimate ---  The next proposed model differs from the point estimate in the way the earned value curve parameters are determined: the cumulative estimate method uses all of the Ce(ti) data col-
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Once the parameters are determined, the TEAC is determined from Eq. (10).  
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3.3. Cumulative Estimate  
The next proposed model differs from the point estimate in the way the earned value curve parameters 
are determined: the cumulative estimate method uses all of the Ce(ti) data collected up to the current time 
in a curve fit. We gain invoke the same shape constraints (αp = αe and βp = βe and the fit up to the 
current time generates a new value for γe for the earned value curve.  
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We now analyze the accuracy of the above duration estimation methods for the project cost profiles 
described in Table 2. The key indicators used to compare the accuracy of the proposed methods are the 
Percentage Error (PE), and the Mean Absolute Percentage Error (MAPE), which are defined as per Eq. 
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MAPE is used to compare the performances of the methodologies for the early, mid, and late stages. The 
stage of the project development is an important factor in evaluating the accuracy of methods. Particular 
emphasis is placed on results for early estimates, when from 10% to 35% of the planned budget has been 
earned. This is driven by the practical implications for project teams, who wish to estimate the reliability 
of predictions early enough in the project to enable timely and effective corrective actions. Mid estimates 
occur when the earned value is close to 50% of the planned budget. The MAPE for each stage includes 
more than one observation, made at consecutive time units and n represents the number of data points 
used.  
Table 4 shows the MAPE values for early estimates, providing the average error and the standard 
deviation related to all the specific estimation methods. A similar investigation was conducted on errors 
for the middle estimates, see Table 5, and late estimates, see Table 6.  
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The declared main aim of this research is to prove that improvements in duration estimation can be 
realized if the overall shape of the cost profile is taken into account. The use of nonlinear profiles 
validates this claim for most of the projects. Although the sample of projects is not large enough to firmly 
establish the dominance of one method over the others, a number of useful conclusions can be drawn 
with regard to the project characteristics that can suggest which TEAC method is better or worse than 
the other methods.  
In particular, as shown in Table 2, Project A ends up with a significant delay, almost doubling its planned 
duration. In this case, all methodologies give acceptable predictions in terms of PE, but the nonlinear 
estimates provide significant improvements in the TEAC. In particular, the cumulative duration estimate 
outperforms the others in the early and middle stages, while it is slightly worse in late stage. This could 
be due to the erratic data towards the end of the project.  
From the Tables of results, we observe that the estimates often improve as the project approaches 
completion. However, not all projects converge to the correct final duration and this could be due either 
to the weaknesses of the selected model or, simply, the unpredictable nature of the project data.  
Project B has similar delayed behavior to Project A. However, Project B reports are monthly instead of 
weekly, making the forecast a more difficult task because there is less data to describe the growth curve. 
Moreover, the nonlinear cost shape is irregular at the beginning, which leads to erratic answers in the 
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Table 4 shows the MAPE values for early estimates, providing the average error and the standard deviation related to all the 
speci�ic estimation methods. A similar investigation was con-ducted on errors for the middle estimates, see Table 5, and late estimates, see Table 6.The declared main aim of this research is to prove that improve-ments in duration estimation can be realized if the overall shape 
of the cost pro�ile is taken into account. The use of nonlinear 
pro�iles validates this claim for most of the projects. Although 
the sample of projects is not large enough to �irmly establish the dominance of one method over the others, a number of useful conclusions can be drawn with regard to the project character-istics that can suggest which TEAC method is better or worse than the other methods.  
In particular, as shown in Table 2, Project A ends up with a 
signi�icant delay, almost doubling its planned duration. In this case, all methodologies give  acceptable predictions in terms 
of PE, but the nonlinear estimates provide signi�icant improve-
ments in the TEAC. In particular, the cumulative duration esti-mate outperforms the others in the early and middle stages, while it is slightly worse in late stage. This could be due to the 
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erratic data towards the end of the project.  From the Tables of results, we observe that the estimates often improve as the project ap-proaches completion. However, not all projects 
converge to the correct �inal duration and this could be due either to the weaknesses of the selected model or, simply, the unpredictable na-ture of the project data.  Project B has similar delayed behavior to Project A. However, Project B reports are monthly in-stead of weekly, making the forecast a more dif-
�icult task because there is less data to describe the growth curve. Moreover, the nonlinear cost shape is irregular at the beginning, which leads to erratic answers in the very early phase of the project development. Nevertheless, nonlinear estimates give relatively improved results and, in particular, the cumulative estimate methodol-ogy works better at all stages.  Project C was also behind schedule, by 44%, and the delay was caused by a dramatic drop in per-formance towards the end of the project execu-tion, which made the AC curve deviate far from 
the �itted curve. In such a case, the standard ES methodology is dominant and it seems funda-
mental to have a precise �itting curve in order to obtain reliable answers from the set of nonline-ar TEAC methodologies.  Project D was selected to study the behavior of duration estimates when the Ce(t) curve has a breaking point, by which we mean that the per-formance is suddenly reduced, in this case when 
the project is approximately 80% complete. Here, the point estimate appears to be a valid method-ology that improves upon the other estimates.Project E is an example of the cost curve following a quasi-linear shape.  Here the standard approach estimates are more reliable than alternative methods.  When the EV curve line grows differently in shape from what is planned, e.g., due to a par-ticularly slow start of the actual progress, the linear and point estimates are not expected to 
work well, even though the Cp(t) �it is accurate. 
This behavior is exempli�ied by Project F, where the cumulative method is the only one that man-
ages to avoid the overestimate in the �inal delay 
due to the initial lag. In fact, a very slow start can increase errors, if dragged linearly to completion. 
Project G �inished ahead of schedule by one month and both the standard and the nonlinear 
point estimates worked well. Project H was deliv-ered on time and both the point estimate and the standard approach, using the GM ES, returned good answers.  
5. IMPLICATIONS AND FUTURE RE-
SEARCH  
---------------------This work has both theoretical and practical implica-tions. The theoretical perspective is that the models improve duration prediction by including lookahead capabilities: the models do not just consider past performance, as in look-back linear, index-based models, but also take into account S-curve cumulative 
cost pro�iles. The estimates also rely on the overall development of the project, taking into account the interaction between cost and schedule. Thus, the new methodologies emphasize the importance of combining the cost and schedule data.  
Moreover, this work reaf�irms the importance of 
the completion factor, CF. It extends its domain of 
applicability by introducing additional con�igura-tions and captures various scenarios of duration and cost performance at different stages of project development. The theory creates conditions for better estimates of schedule-based CEAC models.  
In terms of its practical implication, this work is a contribution that should help project teams calculate accurate and reliable TEACs and CEACs. The cases cover various characteristics 
of nonlinear cost pro�iles and performance be-haviors. This may also lead the project manage-ment software industry to add functionality to their packages, e.g., procedures to manage the 
�itting of the pro�iles and to automatically com-pute TEACs and CEACs if certain characteristics 
are speci�ied by the user.  The results and open issues suggest several future research directions. First, improved the-oretical work is required to explain the erratic 
behavior of the later estimates. Modi�ied �itting procedures may be developed to avoid, or correct for, the behavior of these late estimates.  New indices could be proposed to represent var-
ious features of the project pro�ile, such as, for example, the expected regularity of the growth curve and the expected productivity. This may help improve the reliability of the multivariate regression analysis to enhance the accuracy of the TEAC and CEAC. Clearly, this would require an even greater data set with consequent in-creased cost of the calibration activity. This may enhanced by statistical analyses that could help 
de�ine the project behavior factors that play a sig-
ni�icant role in the estimate at completion model. 
Other growth models may be employed to com-pute the CEAC and may be tested and compared to the GGM model. Examples of other nonlinear 
growth models include the Putnam-Norden-Ray-leigh model and Allen’s trapezoidal model that decribes construction projects.  There is no one single prediction method that al-ways returns the best estimate for the CEAC for any possible case. The accuracy of the estimate at completion depends on various factors, such as 
the speci�ic project cost pro�ile, the accuracy of the 
curve �itting procedure, the precision of the dura-tion estimate when a schedule-based methodolo-gy is applied, and the relation between the actual 
project data and the assumed pro�ile being used to represent it. However, we demonstrated that schedule-based CEACs are more accurate than traditional index-based methodologies. Therefore, this paper extends the results of Narbaev and De Marco (2013) by demonstrating that taking into 
account the nonlinear shape of the cost pro�ile can improve the TEAC. Further, these nonlinear 
pro�iles lead to improvements in the CEAC when augmented by a schedule-based formula.  Still, there are some open points of discussion. Some of the proposed methodologies become erratic once the project is close to completion, which may well be due to manipulating small numbers. However, while the later estimates are not as reliable, neither are they as essential be-cause project managers are more interested in early estimates of TEACs and CEACs when project teams can take appropriate actions.  
The proposed re�ined nonlinear methodologies are not always more accurate than the linear 
model. In fact, this research demonstrates that the linear approach often gives acceptable esti-mates for a large range of projects, even if they are characterized by a nonlinear shaped cost curve. 
One explanation for this is that the standard ES 
de�inition results in the same formula for a varie-ty of nonlinear cost curves. Therefore, more the-oretical work is required to determine for which types of projects the linear formula is reliable.  
6. CONCLUSION 
---------------------This work demonstrates that improvements can be made to nonlinear TEAC methods when the generalized mathematical formulation of ES is used. 
It also highlights the advantages of using duration 
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estimates to provide more accurate nonlinear schedule-based CEAC calculations. This was shown via application of the proposed methodologies to a sample of eight case projects.  
The theoretically de�ined methodologies were proven effective 
on a range of projects by providing acceptable duration estimates. In particular, the point estimate duration methodology tends to perform better, on average, than index-based standard formulas, especially in the early stages of project development. This is when the 
practical bene�its are greatest as it allows project teams to take timely management actions.
